Low earth orbit mobile satellite system (LEO-MSS) is the major system to provide communication support for mobile terminals beyond the coverage of terrestrial communication systems. However, the quick movement of LEO satellites and current single-layer system architecture impose restrictions on the capability to provide satisfactory service quality, especially for the remote and non-land regions with high traffic requirement. To tackle this problem, high-altitude platforms (HAPs) and terrestrial relays (TRs) are introduced to cover hot-spot regions, and the current single-layer system becomes an LEO-HAP multi-layer access network. Under this setup, we propose a hierarchical resource allocation approach to circumvent the complex management caused by the intricate relationships among different layers. Specifically, to maximize the throughputs, we propose a dynamic multi-beam joint resource optimization method in LEO-ground downlinks based on the predicted movement of LEO satellites. Afterwards, we propose the dynamic resource optimization method of HAP-ground downlinks when LEO satellites and HAPs share the same spectrum.
I. INTRODUCTION A. MOTIVATION
Compared with terrestrial cellular communication systems, low earth orbit mobile satellite systems (LEO-MSSs) have a prominent superiority in global coverage, which can not only provide sufficient capacity in remote and non-land regions [1] , but also play a critical role in emergency communication [2] . However, due to the large coverage radius and quick movement of LEO satellites, there are still some imperfections in LEO-MSS. LEO-MSS cannot satisfy the demands of huge capacity in ultra-dense regions because the coverage radius of most LEO satellite beams is more than 100 km. Besides, low earth orbit (LEO) satellites move The associate editor coordinating the review of this manuscript and approving it for publication was Wei Feng . at an extremely high velocity and bring great difficulties to guarantee the quality-of-service (QoS) of mobile terminals (MTs) via conventional raido resource management [3] . To overcome these imperfections, a promising option is to devise a novel architecture by introducing extra access nodes for ultra-dense regions, thus forming an integrated network.
How to manage the resource of this multi-layer integrated network and maximize the system throughtput becomes another problem. Since LEO satellites are equipped with multi-beams and the scenarios of LEO satellites systems are different from existing terrestrial systems and geostationary (GEO) satellite systems, especially after introducing novel architectures, it is hard for the existing methods to provide great performance and implement smoothly. Specifically, the coverage radius of each LEO satellite beam is up to hundreds of kilometers, making the interference to be a serious problem. Due to the frequently passive group handover caused by the quick movement of LEO satellites, quality of service (QoS) can hardly be guaranteed by using traditional methods. In addition, the long propagation delay and its periodical change reduce the accuracy and real-time property of channel state information.
Fortunately, the orbits of LEO satellites are always regular and predictable [4] , making it possible to predict the channel and propagation delay. This brings promising benefits to propose novel radio resource managment strategies. In summary, to overcome the inherent defects of LEO-MSSs, an extensible LEO-MSSs architecture needs to be proposed and the corresponding resource allocation methods need to be introduced to adapt to the satellite scenarios and maximize the system throughtput.
B. RELATED WORK
The network architectures that contain satellites have got attention of researchers [5] - [8] . In [5] , the authors proposed a flexible architecture for heterogeneous satellite-terrestrial networks and presented its functions and protocols with integration of network convergence, routing scalability alleviation, mobility support, traffic engineering, efficient content delivery, etc. Nevertheless, they mainly studied the network topology structure of integrating satellite and terrestrial networks but did not give practical examples, reducing the practicability of their work. Besides, they neither analyze the corresponding performance or quantify the performance gain, nor propose efficient radio resource management strategy to increase the capacity. In [6] , a hybrid satelliteaerial-terrestrial network architecture is introduced for the emergency scenarios. They compared the advantages and disadvantages of satellites, high-altitude platforms (HAP), low-altitude platforms (LAP) and terrestrial networks. They also presented some promising technologies of this network. However, they did not present link selection and spectrum planning scheme to improve the architecture. And the architecture cannot be generalized to mobile communication scenarios for the remote or non-land regions beyond the coverage of terrestrial networks because some facilities are temporary (e.g. headquarters) or cannot be deployed at remote or non-land regions (e.g. emergency vehicles). The authors in [7] proposed a software defined space-airground integrated vehicular (SSAGV) network architecture, including satellites, HAPs and cellular networks, to serve vehicles. The SSAGV network is divided into application layer, control layer, infrastructure layer and physical systems. They also introduced hierarchical network operations and big data-assisted operations to improve the network. However, they did not consider the node deployment, mobility management and spectrum planning scheme of their architectures. Besides, the SSAGV network architecture uses all kinds of entities in space, air and ground segment, making it too complicated. In fact, to be generalized to mobile communication scenarios in practical systems, parts of the entities need to be merged together. The authors in [8] proposed a more flexible and adaptive architecture based on hybrid satellite terrestrial 5G networks with software defined features. They also investigated access strategy, coverage probability and radio resource management aiming at two types of services. However, this architecture merely focused on the convergence of GEO satellites and terrestrial 5G network, without mentioning LEO satellites and aerial network, which can not improve the network capacity of the regions beyond the coverage of terrestrial communication systems, such as disaster regions.
Another line of the existing research work has focused on the resource management of satellite systems [9] - [12] in recent years. In [11] , the authors presented various optimal dynamic capacity allocation schemes in the multi-beam GEO system based on the theory of Monge arrays. They focused on reducing the complexity of their algorithms. Nevertheless, in order to simplify the problem, the system model and parameters are too utopian, making the algorithm lack of practical significance in actual systems. In [12] , the authors proposed a novel algorithm of power allocation and interference pricing for a multi-beam GEO satellite by using dynamic game model. The problem was modeled by fixing the Nash equilibrium. However, they did not take the traffics of different users into account. The proposed algorithm was used for uplink but the required parameters are difficult to obtain at the side of user terminals. In [13] and [14] , the authors focused on the spectrum sharing problem between satellite network and terrestrial network. They proposed efficient methods to solve the problem respectively. But the scenario in this paper is more specific and complicated than that of them, so we have to consider more factors and approaches. In [15] , the authors presented a general interference analysis model of a cognitive network with GEO and LEO satellites. To enhance the spectral efficiency and protect the primary system, they proposed an optimization algorithm with beamhopping and adaptive power control techniques. However, they neglected the issue of different propagation delay from satellites to users, which would cause inaccuracy and reduce the throughput. Besides, due to the different scenarios, we consider an integrated network instead of a cognitive network, where the methods in [15] can not achieve an excellent performance.
To maximize the capacity of the regions beyond the coverage of terrestrial communications, both network architectures and resource allocation methods should be improved. Different from the current architectures, we provide more fine-grained works in the following three important aspects that all of the four papers ignored. 1) We provide the deployment scheme of different kinds of facility nodes.
2) We present different kinds of links and the scheme of link selection.
3) We give suggestions of spectrum planning of different space-air-ground links and inter-satellite links with multibeams.
The channel of satellites-ground links and HAP-ground links is different from cellular networks. In this paper, the larger propagation delay and predictability of channels caused by the movement of LEO satellites are considered, which are the salient properties of the extensible LEO-MSS networks. In our proposed strategy, we make full use of the predictability of channels by designing corresponding utility function and increase the throughput by considering the tradeoff between delay and the predicted channel gains.
C. CONTRIBUTIONS
In this paper, we focus on improving the network capacity of the regions beyond the coverage of terrestrial communications by proposing a multi-layer architecture based on LEO-MSS and optimizing its resource allocation. Generally, we summarize the contributions of this paper as follows.
• Via introducing HAPs and TRs into the traditional single-layer network architecture of LEO mobile satellite system, a multi-layer architecture is formed where LEO satellites provide wide-area coverage and the introduced nodes cover the hot-spot regions to increase the capacity.
• To implement the radio resource management efficiently in this system, we design a novel hierarchical resource manager (HRM) framework based on the multi-beam structure and solve the delay management problem.
• We propose a multi-beam joint dynamic radio resource optimization method in LEO-ground downlinks to maximize the throughputs based on the predicted information according to regular orbits of LEO satellites. After introducing HAPs, the system becomes a LEO-HAP multi-layer access network. According to the proposed resource management framework, we propose a dynamic resource optimization method of HAP-ground downlinks when LEO satellites and HAPs share the same spectrum.
• To solve these problems, we use Lagrange dual method and Karush-Kuhn-Tucker (KKT) conditions to find the optimal solutions. Afterwards, we propose corresponding gradient descent algorithms for each optimization problems to get the results with an acceptable complexity.
• Simulations are implemented to analyze the performance improvement of the proposed architecture and optimization methods. Numerical results show that the presented architecture has a much better average capacity than LEO-MSS. In addition, the proposed optimization methods further increase the throughputs of the LEO-ground and HAP-ground downlinks.
The remainder of this paper is structured as follows. In Section II, the extended multi-layer architecture based on multi-beam LEO-MSS and its performance analysis are presented. In section III a novel radio resource optimization method is proposed and modeled. Solution techniques and algorithms are proposed in Section IV. Numerical results are presented and discussed in Section V. Finally, the conclusions and future directions are drawn in Section VI. 
II. EXTENSIBLE MULTI-LAYER LEO-MSS ARCHITECTURE
In this section, we will present the multi-layer architecture and analyze the capacity performance of the presented architecture. The architecture is introduced in terms of node types and functions, node deployment scheme, link selection and frequency spectrum planning. Capacity is calculated according to user distribution model and channel model.
A. EXTENSIBLE MULTI-LAYER LEO-MSS ARCHITECTURE
In general, typical traditional LEO-MSS of Walker constellation (e.g. the Iridium and Globalstar) consists of 48-80 LEO satellites with multi-beam coverages on the ground, several earth stations (ES) and one data control center. On this basis, the proposed architecture further introduces HAPs and TRs as the access nodes in hot-spot regions and geostationary earth orbit (GEO) satellites as routing nodes. HAPs could be airships or helium balloons with the altitude of about 20 kilometers to 100 kilometers high in the air [16] , [17] . In addition, HAPs can move at a low velocity if necessary. TRs are full duplex relays and have an extra directional antenna pointing to the space to communicate with satellites. Since there is no need to equip TRs with wired network facilities, the deployment of TRs is unlimited, low-cost and flexible. Fig. 1 shows the access scenarios of this system, and the proposed extensible multi-layer architecture is shown in Fig. 2 , where the orange circles are hot spot regions covered by HAPs or TRs, and the green circle is the remote region covered by satellites.
In the proposed architecture, mobile terminals (MTs) are not permitted to connect to GEO satellites directly because the high energy consumption is beyond the scope of the MTs. MTs in hot-spot regions preferentially connect to HAPs and TRs, while other MTs can only connect to LEO satellites. Different from the sparse regions with low user density, the hot-spot regions with higher user density are divided into two types according to the area size. The small hot-spot regions, including big ships, airplanes and small islands, are preferentially equipped with TRs. The broad hot-spot regions, including archipelagoes, disaster regions and military bases, are preferentially served by HAPs.
Compared with current LEO-MSS system, the advantages of the proposed extensible multi-layer architecture are summarized as follows.
• Via HAPs and TRs, the proposed architecture can provide communication services to small mobile terminals that are not able to connect to LEO satellites directly.
• Since HAPs are able to move purposefully, the flexibility of system is significantly increased.
• The proposed architecture can increase the system capacity greatly, especially in the hot-spot regions.
• The proposed architecture can reduce the handover rate of the whole system through HAPs and TRs, thus significantly reduce the system signaling cost and the difficulty of radio resource management.
• As routing nodes, GEO satellites can reduce the complexity of routing, handover and rerouting rate significantly.
In the proposed architecture, HAPs and TRs are deployed according to the spatial distributions of MTs. Firstly, MTs get their own geographical location information by using satellite positioning technology [18] , [19] , and report their own geographical location information periodically to the system according to mobility management strategy [20] . Then, the control center performs the fitting of the reported data and obtain the spatial distribution law of the MTs. Finally, HAPs and TRs are deployed accurately according to the fitting results [21] , [22] .
There are two types of links in this system, i.e., access link and routing link. As Ka (typically 17.7GHz − 20.2GHz and 26.5GHz − 40GHz) [23] , [24] band has a higher frequency and wider spectrum than C (4GHz − 8GHz) band, it is used in satellite-ground links and HAP-ground links to avoid co-channel interference (CCI) with terrestrial cellular networks and provide global coverage. It is worth noting that C band can be used in TR-ground links since TRs are usually deployed in the regions where terrestrial cellular communication systems are underdeveloped. Thus we do not need to consider CCI between TR-ground links and satellite-ground (or HAP-ground) links. Extremely high frequency (EHF, 40GHz−300GHz ) [25] , [26] and laser [27] beam can be used in inter-satellite links and satellite-HAP links because they belong to the free-space links without atmosphere fading. Specifically, laser beam can be used in GEO inter-satellite links and LEO intra-orbit inter-satellite links. EHF can be used in GEO-LEO inter-satellite links, HAP-GEO links, HAP-LEO links, LEO inter-orbit inter-satellite links, and links between HAPs. Detailed node connection and spectral selection are shown in Table 1 .
HAP-ground links share the same Ka spectrum with LEO-ground links. The QoS of MTs is affected by CCI. Therefore, frequency reuse schemes are used among HAP-ground links and LEO-ground links. Let B total be the total available Ka spectrum bandwidth of LEO-ground links and HAP-ground links, 1/N be the frequency reuse factor of LEO beams. When the coverage region of a HAP is adjacent to that of n LEO satellite beams, the average bandwidth available for the HAP can be calculated approximatively as
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B. CAPACITY ANALYSIS 1) USER DISTRIBUTION
LEO-MSS plays a major role in remote regions, non-land regions and emergency regions, where different types of service regions have their own user distributions. Specifically, it is justified that the user distribution in remote and non-land regions follows a sparse uniform distribution, denoted by
where S is the area of current regions D. In hot-spot regions such as disaster regions, the user distribution is assumed to follow normal distribution, 1 denoted by
are the variance of x and y, and ρ is the covariance between x and y. Therefore, the compound user distribution in the proposed system consists of one whole sparse region and several hot-spot regions, given by
where
I is the amount of hot-spot regions, ω 0 is the percentage of MTs in sparse ordinary regions, and ω i is the percentage of MTs in the ith hot-spot region.
2) CHANNEL MODEL
The channel model mainly consists of the path loss, pitch angle fading, atmospheric fading and Rician small-scale fading. The specific expression is given by [28] 
where f c is the carrier frequency, C light is the velocity of light, d is the propagation distance between the transmitter and the receiver. The propagation distance between HAPs or satellites and the MT is given by
1 The actual user distribution should be obtained according to the empirical data. The analysis in this paper can be easily extended to arbitrary user distributions.
h is the altitude of HAPs or satellites, o i,1 , o i,2 is the position of sub-satellite point or sub-HAP point, and x j , y j is the position of jth MT.
In (6), G H (ψ) is the pitch angle fading, expressed as
where Ap eff is the antenna aperture efficiency (assumed to be unity) and η is the antenna factor determining the coverage radius. 2 ψ is the pitch angle, given by
A (d) in (6) is the atmospheric fading, expressed as
where χ is the attenuation through the clouds and rain in dB/km. And ϕ in (6) is the Rician small-scale fading.
The received power can be expressed as
where P tr is the transmission power and G re is the antenna receiving gain.
3) CAPACITY
In this subsection, we analyze the improvement of system capacity brought by HAPs and TRs. Since EHF band used in satellite-HAP links can provide a much wider bandwidth than Ka band used in space-ground links, and the TR-MT links are with much smaller path loss than satellite-TR links, so the capacity of the whole system is mainly limited by spaceground links, which include LEO-MT links, HAP-MT links and satellite-TR links. The spectrum of LEO beams are N color reused ( Fig. 1 is the example of N = 4). The wide remote region is served by LEO beams and each hot-spot region is served by an HAP or a TR. Since the antenna array of the HAP is highly directed to the hot-spot region, the interference from an HAP is assumed to be negligible to the users served by LEO beams or other HAPs. The interfering sources of LEO beams and HAPs are the LEO beams that use the same color spectrum band.
Due to the spectrum reuse scheme, HAPs share the same spectrum with LEO beams. Therefore, the available spectrum for HAPs can be reused to provide additional capacity for hot-spot regions. Also, the smaller path loss of HAP-MT link provides larger capacity than LEO-MT link. For TRs, compared with the non-directional antennas of MTs, the equipped directional antennas can provide a much larger receiving gain from the associated beam while reduce the receiving gain from the interfering beams.
. . , M T } be the LEO beams, HAPs and TRs, where M L is the total number of LEO beams per color, M H and M T are the total number of HAPs and TRs, respectively. φ n = {(n − 1) M L + 1, (n − 1) M L + 2, . . . , nM L } is the set of LEO beams using the nth color spectrum band, where n ∈ {1, 2, . . . , N }. For the MT located in (x, y) served by the LEO beam i, i ∈ φ n , the capacity of LEO-MT link is expressed as
where i is the interfering beams, B i is the available spectrum for the MT located in (x, y) covered by LEO beam i, P tr (i) and P tr i are the transmission power of LEO beam i and interfering beam i , respectively. G i (x, y) and G i (x, y) are the channel gains from LEO beam i and interfering beam i to MT located in (x, y). G re is the antenna receiving gain of MT. σ 2 is the noise power.
For the HAP-MT link in hot-spot region within the coverage of beam i, i ∈ φ n , the average bandwidth available for the HAP-MT link to share is B H = N −1 N · B total , which is larger than B total N for LEO-MT link. Therefore, after introducing HAPs, part of the bandwidth can be reused to increase the capacity of the hot-spot regions covered by HAPs. The additional capacity of HAP-MT link within the coverage of LEO beam i is expressed as
where P tr (H) is the power of HAP and G H (x, y) is the channel gain from HAP to MT located in (x, y). i is the interfering beam using the spectrum band with HAP. φ n is the set of interfering beams for the HAP.
The capacity of satellite-TR-MT link is limited by the capacity of satellite-TR link. For the TR located in (x, y) served by LEO beam i, i ∈ φ n , the directional antenna of TR provides a much larger antenna gain from beam i and smaller antenna gain from the interfering beam i . The capacity of LEO-TR link is expressed as
where G i re (TR) and G i re (TR) are the antenna receiving gain from beam i and the interfering beam i , respectively. G i re (TR) > G i re (TR). For all MTs, the average total capacity of LEO-MT links, LEO-TR links and HAP-MT links is given by
where C i , C T and C H are the average total capacity of LEO-MT links, LEO-TR-MT links and HAP-MT links, respectively. Fig. 3 and Fig. 4 show the numerical results of average capacity improvement brought by HAPs and TRs respectively. Important simulation parameters are shown in Table 3 in Section V.
The capacity improvement brought by introducing HAPs is shown in Fig. 3 . It demonstrates that the average spaceground link capacity increases greatly with the help of HAPs, which supports the effectiveness in the system capacity of the proposed architecture. It indicates that N and the number of HAPs are the main factors of average capacity improvement. The bigger N is, the larger average space-ground link capacity per beam is, and the more dramatically HAPs improve average space-ground link capacity. The first reason is that CCI decreases when N increases. The second reason is that the bandwidth of HAPs is larger when N is larger. After N is determined, the average capacity of space-ground link increases linearly with the number of HAPs, because the equivalent bandwidth increases linearly as the number of HAPs increases. The percentage of MTs in hot-spot regions slightly affects the average channel gain of all MTs. So the average capacity changes slightly with different ω 0 , which can be ignored compared with the impact of HAP number. Fig. 4 presents the improvement of average space-ground link capacity brought by the introduction of TRs. Powerful antennas of TRs increase SINR equivalently. Different from HAPs, the number of TRs does not contribute to the increase of average space-ground link capacity actually. The main factor that influences the average space-ground link capacity is the percentage of MTs served by TRs. Average spaceground link capacity increases linearly with the percentage of VOLUME 8, 2020 MTs that are served by TRs. Moreover, average space-ground link capacity increases more greatly when N = 4 than when N = 3.
System capacity improvement of HAPs is much better than that of TRs. Therefore, to maximize system capacity in hot-spot regions, we recommend to deploy HAPs preferentially. If deployment cost and sustainable utilization are taken into consideration comprehensively, TR is also an option. Deployment should be made according to specific indicators.
III. RADIO RESOURCE MANAGEMENT OPTIMIZATION METHOD
Due to the benefits of HAPs and TRs explained in II-B.3, the presented extensible multilayer LEO-MSS architecture provides better performance on the average capacity of spaceair-ground links. To further increase the throughputs, a better radio resource management method needs to be proposed. The radio resource management of TRs is the same with that of base stations in terrestrial networks. Therefore, we do not consider the radio resource management problem of TRs in this paper. In this section, we will present a radio resource management framework according to the characteristics of multi-beam satellites and the multi-layer system. Afterwards, we will deal with the delay problem in the proposed multi-layer LEO-MSS which was ignored by researchers when they studied the radio resource management problem in satellites systems. Finally, we propose the radio resource optimization methods in the proposed multi-layer LEO-MSS based on the framework.
According to the implementation framework, the radio resource management has three steps. The first step is time-slot resource allocation, implemented in the queue management module of the HRM in LEO satellites and HAPs, and formulated as OP1. The second step is spectrum resource allocation which is also implemented in the HRM. The third step is the power optimization and it is implemented in the power control module of HRM in LEO satellites, and formulated as OP2. HAPs allocate the spectrum and power according to the optimization results of LEO beams. The spectrum resource allocation of HAP is formulated as OP3 and implemented in the spectrum allocation module of HRM in HAP. The power allocation in HAP is formulated as OP4 and implemented in the power control module of HRM in HAP.
A. RADIO RESOURCE MANAGEMENT FRAMEWORK
According to the proposed extensible multi-layer LEO-MSS architecture, the access scenarios of multi-beam LEO satellites and HAPs are shown in Fig. 1 . Each LEO satellite is equipped with 7 or 19 beams in general [30] .
The function of radio resource management is mainly implemented in the HRM module. HRM contains resource scheduling algorithm module, measurement results analysis module, inter-satellite resource interaction module and service buffer queue, as shown in Fig. 5 . And the HRM of all beams is integrated into one module in the LEO satellite in order to control jointly during each transmit time interval (TTI), where TTI is the minimum time interval unit of resource scheduling and equal to one time-slot in this system.
The measurement result analysis module is responsible for analyzing the reported channel quality information and positioning results, and providing the resource scheduling algorithm module with the analysis results. The GPS positioning results are used to estimate the path loss and pitch angle fading, while the channel quality indication (CQI) measurement results are used to calculate the sum of atmospheric fading and Rician small-scale fading. Thus, the channel gains from satellites to MTs are estimated and used as important parameters in resource allocation. The inter-satellite resource interaction module is responsible for sharing spectrum and power allocated information with other satellites and HAPs to coordinate the interference. Since HAPs share the same spectrum with LEO satellites, the resources of HAPs are allocated according to the allocation results of LEO satellites sent by LEO satellites through LEO-HAP links. The service buffer queue is responsible for storing and sorting packets according to the allocated results of the resource scheduling algorithm module.
The resource scheduling algorithm module is the core module of HRM and divided into three submodules in order, e.g. time-slot allocation, spectrum allocation and power optimization, as shown in Fig. 6 . Firstly, the time-slot allocation submodule is responsible for allocating time-slot resource to MTs according to the designed utility function and the formulated optimization problem OP1. Secondly, the spectrum allocation submodule allocates the spectrum resource for the selected MTs of OP1. Finally, the power optimization submodule allocates the transmission power for all the selected MTs. Since HAPs share the same spectrum with LEO satellites, the available resource for HAPs depends on the allocation results of LEO satellites. Thus, we design the hierarchical step by step resource allocation scheme.
B. DELAY MANAGEMENT
Compared with the radio resource management in terrestrial communication systems, there are more challenges in multi-layer LEO-MSS brought by the propagation delay of LEO satellites to ground. The propagation delay of MTs in the center of the satellites coverage is smaller than that of MTs in the edge of the satellites coverage. And the LEO-ground link propagation delay of the same MT changes periodically. Therefore, an extra delay management strategy should be presented to achieve accurate resource optimization, as shown in Fig. 7 and Table 2 . According to the framework, all the resources of satellites and HAPs are allocated hierarchically, as shown in Fig. 6 . Since the location of LEO satellites changes periodically, (t 3 −t 1 ) and (t 5 −t 2 ) also change periodically. The calculation and processing delay (t 1 − t 0 ) and (t 4 − t 3 ) is fixed. (t 2 − t 1 ) = (t 4 − t 3 ). Thus, (t 2 − t 0 ) is fixed. t 3 depends on the distance between LEO satellite and HAP. t 5 depends on the distance between LEO satellite and MTs. Thus, for the same HAP and MT, t 3 , t 4 and t 5 change periodically. For different HAPs and MTs, t 3 , t 4 and t 5 are different at the same time-slot. Therefore, t 0 and t 2 are used as the reference time-slots of calculating and transmitting. And LEO satellites send control signallings to inform HAPs and MTs the time of receiving data. With this scheme, the interference of different beams in the actual system can be calculated accurately.
C. RADIO RESOURCE ALLOCATION IN LEO SATELLITES
According to the multi-layer architecture, HAPs share the same spectrum with LEO satellites. The resource allocations of HAPs are affected by the resource allocation results of LEO satellites. Therefore, we first study the resource allocation in LEO satellites. As shown in Fig. 6 , the resource allocation is divided into time-slot resource allocation, spectrum allocation and power allocation in the HRM.
1) UTILITY DESIGN AND DYNAMIC TIME-SLOT ALLOCATION STRATEGY IN LEO
In LEO satellites, the first step of resource allocation is time-slot resource allocation. The channel gains of LEO satellites are regular, periodic and predictable, which is helpful for increasing the throughput of LEO-ground links. To make full use of this point, we design a utility function and propose a dynamic optimization strategy to allocate the time-slot resource to different MTs according to the designed utility function.
The velocity of LEO satellites at the altitude of 1500km is about 25000km/h, which is more than 100 times higher than velocity of MTs. Thus, it is assumed to ignore the change of MTs' geographical locations until the next report.
Besides, the atmospheric fading and Rician small-scale fading of each links are assumed to be unchanged until the next CQI report after dealing with the predicted information. Therefore, the channel gains between satellites and MTs can be forecasted accurately.
Beams are assigned N colors. There are no interference between beams of different color. Thus, we take one color beams as an example. Let I be the total number of this color of beams and K be the total number of resource block (RB). The total MT number of beam i ∈ { 1, 2, . . . , I } is J i .
We consider the priority of MTs, the delay of services, MTs' channel gains and their variation trend in the utility function. The utility function is designed according to the following observations.
(1) Some important MTs have a higher priority when allocated resource.
(2) We assume the packet whose delay is larger than its maximum time delay will be dropped. The delay utility should decrease rapidly when delay increases and approaches the maximum time delay [31] .
(3) The channel gain utility should increase when the channel gain increases. If the channel gain is the same, the channel gain utility of the decline trend should be a little larger than that of the rise trend because we consider the predicted channel gain of the following period of time too.
Thus, the proposed utility function in this paper contains the delay utility function of the target services and the channel gain utility function of the target MTs. The utility function of MT j i ∈ { 1, 2, . . . , J i } at timeslot t is defined as
where ω d and ω g are the weights of the delay utility function and channel gain utility function, respectively. ω j i is the weight of MT j i . ε d is the threshold of the delay utility function, to balance the tradeoff between the fairness and throughputs. The delay utility function U j i d is defined as
and shown in Fig. 8 , where d max j i is the maximum time delay of the current service packet of the jth MT and p d is a parameter depending on the service types.
The channel gain utility function U i,j i g is defined as
and shown in Fig. 9 , where G i,j i t is the channel gain at t between MT j i and beam i. p g is the weight of the channel gain variation trend.
With the designed utility function, we propose a dynamic time-slot allocation strategy based on the predicted information to allocate the optimal time-slot resource for all MTs. This strategy is implemented in the queue management module of HRM.
The matrix A A A t = [a i,j i ,t ] is defined as the allocation result. a i,j i ,t = 1 refers to allocate timeslot t to MT j in beam i and a i,j i ,t = 0 refers to not allocate timeslot t to MT j in beam i. The proposed dynamic resource allocation strategy is formulated as OP1.
OP1 is a linear integer programming problem. C1 is the constraint of total bandwith. We can get the optimal results of A A A t by sorting U i,j i ,t mt .
2) SPECTRUM ALLOCATION AND POWER OPTIMIZATION IN LEO
After dynamic time-slot allocation, spectrum and power should be allocated in step 2 and step 3 to maximize the signal to interference plus noise ratios (SINR) and the throughput of multi-beam satellites. The spectrums are reused by multi-beams. MTs are allocated to the spectrums according to the current usage rate of spectrums one by one in each beam. Spectrum with the minimum current usage rate is allocated to the MT with the largest channel gain. The usage rates of all the spectrums are updated via the spectrum usage rate matrixes in the HRM of LEO satellites.
After the frequency allocation, all MTs allocated with RB is expressed as matrix J J J = [j i,k ]. j i,k is the MT covered by beam i allocated with RB k. The rate of j i,k is
where P i,k,t is the transmission power of beam i with RB k at t, G i,j i,k ,t is the channel gain between beam i and MT j i,k at t, and B is the bandwith of each RB. The throughput of the whole system at timeslot t is defined as
The multi-beam joint power optimization problem is formulated as OP2.
OP2 max Throughput t
C1 is the con tes of each MTs. C2 is the constraint of the total power of each beam. C3 is the constraint of the transmission power of each RB.
D. RADIO RESOURCE ALLOCATION IN HAP
Existing work [32] has discovered that there would be great challenges in handover management and resource allocation for HAP with multi-beams because of the quasi-static characteristic of HAP. Therefore, we equip HAP with single beam in this paper. LEO satellite sends the allocation results to HAP immediately. Then HAP works out the available spectrums and allocates the time-slot, spectrum and power to MTs. As HAPs cover the hot-spot regions in this system, the throughput is the most important metric. Thus, we propose a throughput-maximization method based on the above HRM framework.
1) RATE MAXIMIZATION TIME-SLOT AND SPECTRUM ALLOCATION IN HAP
As HAPs and LEO satellites share the same frequency band in this system, the available spectrum resource and co-channel interference in HAP downlink change periodically because of the periodical movement of LEO satellites. Thus, HAPs calculate the interference of all the downlink spectrum according to the transmission power of LEO satellites and compare them with the the interference threshold value ξ . The spectrum whose interference is less than ξ is considered available to the HAP downlink.
Let J h be the total number of MTs covered by HAP h at t and q h,k,t = I i=1 P i,k,t G i,h,t be the total interference of spectrum RB k (k ∈ {1, 2, · · · , N × K }). The spectrum RB k is available to HAP h at t when q h,k,t ≤ ξ . Let K h be the total available spectrum RB at t calculated by HAP h. The maximum transmission power of each RB is P max . The channel gain between HAP h and MT j h j h ∈ 1, 2, · · · , J h at t is G h,j h ,t . The rate of J h with RB k h k h ∈ 1, 2, · · · , K h is
Let
and the resource allocation matrix
where b j h ,k h ,t = 1 means RB k h is allocated to MT j h at t. The proposed maximized total rate allocation problem is formulated as OP3.
OP3 max
OP3 is a linear integer programming problem and we will propose the corresponding algorithm to find the optimal allocation results.
2) POWER OPTIMIZATION IN HAP
Aiming at maximizing the throughputs of HAP-ground downlink, we formulate the power optimization problem as OP4.
where P h max is the maximum total transmission power in HAP downlink. The throughputs of HAP-ground downlink is defined as
OP4 is a convex optimization problem. C1 is the constraint of the maximum and minimum rates of each MTs. C2 is the constraint of the total power. C3 is the constraint of the transmission power of each RB.
IV. PROPOSED SOLUTION TECHNIQUES AND ALGORITHMS
As mentioned above, OP1 and OP3 are linear integer programming problems. Thus, in this section, we will focus on how to obtain the solutions of OP2 and OP4.
A. PROPOSED SOLUTION TECHNIQUES OF OP2
OP2 is a non-convex optimization problem. There is a strong duality when K and I are big enough [33] , which means the optimal results of the dual problem is the same with the primal problem. Thus, we use the Lagrangian dual method to find the optimal results. The Lagrangian function of OP2 is
where (λ min , λ max ) = {(λ min i,k,t , λ max i,k,t ), k ∈ K , i ∈ I } ≥ 0 and µ = µ i,t , i ∈ I ≥ 0 are Lagrangian dual variables. The lagrangian equation of OP2 is
The dual problem of OP2 is
L(P i,k,t , λ min , λ max , µ) is a convex function when P i,k,t ≥ 0. According to the KKT conditions, we have
Letting
and
we have
where G G G −1 k,t is the inverse matrix of G G G k,t , expressed as · · · g k,t
Thus, the optimal transmission power is
And the Lagrangian equation is expressed as
h(λ min , λ max , µ) is a convex function, but its gradient may not exist at some points. We use subgradient method [34] to get the optimal results. Let
where (x) + ≡ max {0, x}, l ∈ {1, 2, . . . , l max } is the iteration. β i,k,t m=1,2,3 (l) = β i,k,t m=1,2,3 (1)/l is the step length.
B. PROPOSED SOLUTION TECHNIQUES OF OP4
OP4 is a convex optimization problem and we use the KKT conditions to solve it. The Lagrangian function of OP4 is
where (λ min , λ max ) = {(λ min j h ,t , λ max j h ,t ), j h ∈ J h } ≥ 0 and λ t ≥ 0 are Lagrangian variables.
According to the KKT conditions, we have
the optimal transmission power is expressed as
The lagrangian equation is expressed as
The dual problem of OP4 is
The dual problem is a convex optimization problem and we use gradient descent method to solve it. The partial derivatives are
Thus, we get VOLUME 8, 2020 where l (l ∈ {1, 2, . . . , l max }) is the iteration. β j h ,t m=1,2,3 (l) = β j h ,t m=1,2,3 (1)/l is the the step length.
C. PROPOSED ALGORITHMS
To get the results of the above optimization problems, we design corresponding algorithms as follows. A subgradient algorithm is proposed for OP2, shown in Algorithm 1 and run in the HRM of LEO satellites. The complexity of the proposed algorithm is O(LIK ), where L is the maximum iterations in the proposed algorithms. The proposed algorithm for OP3 is shown in Algorithm 2 and run in the HRM of HAP. The complexity of the proposed algorithm is O(min J h J h K h , J h K h K h ). A gradient algorithm is proposed for OP4, shown in Algorithm 3 and run in the HRM of HAP. The complexity of the proposed algorithm is O(LJ h ). The complexities of all the implement algorithms are linear, making it realistic to use the proposed methods in this paper at the future LEO-HAP systems.
In this section, we implement simulations to calculate the capacity improvement of the presented multi-layer architecture compared with traditional LEO-MSS. The instantaneous capacity of this system cyclically changes due to quick cyclic movement of LEO satellites. In our simulations, we calculate the average capacity per cycle as an overall performance of the proposed architecture.
Then we implement simulations to compare the average throughputs of the proposed forecast-based multi-beam joint dynamic radio resource optimization method with different parameters and services in LEO satellites and HAPs. The simulations are implemented by MATLAB R2017a and the simulation results will be presented and analyzed in the following.
A. SYSTEM PARAMETERS The default system parameters are shown in Table 3 .
To validate the capacity improvement of the presented multi-layer architecture, we set the normalized antenna receiving gain of the TR G reTR = 3dB and that of MTs G reMT = 0dB. The center of hot-spot regions follows a uniform distribution. The average radius of small hot-spot regions and large hot-spot regions are respectively 2km and 20km. We compare downlink capacity when N is 3 and 4.
To validate the proposed optimization method, we consider a rectangular region covered by 24 LEO beams and one HAP beam for simplicity. N = 4. The bandwith of each RB B = 6MHz and K = 10. The length of one timeslot t s = 10 ms. P max = 3dBW and P i max = 10dBW . P max = −20dBW and P h max = −10dBW . ω j i = ω d = ω g = 1 and p g = 1. ω 0 = 0.9 and ω 1 = 0.1. t = 100ms. Packets arrive every 100ms on average and the packet sizes are normally distributed with the means of 500k bits. The maximum delay tolerances are 300ms, 2s, and 20s respectively. We set ε d =0.8, 0.5 and 0.2 to find the effect of the threshold of delay utility function.
B. SIMULATION RESULTS AND DISCUSSION
We do 100 Monte-carlo simulations and each lasts 2 minutes and contains 12000 timeslots. Finally we get the following average results in Fig. 10 and Fig. 11 . Fig. 10 and Fig. 11 demonstrate that the proposed multi-beam joint power optimization method improves the average throughputs of both HAP and LEO beams greatly at more than 10%. The proposed dynamic strategy has a better improvement on throughputs in LEO satellites when the maximum delay tolerances of the target services is longer because the packets can be transmitted with larger channel gains. Besides, the average throughputs of LEO beams have a larger upper limit and rising trend when ε d increases. However, the maximum delay tolerances of the target services have no impact on the average throughputs of HAP. And the impact of different ε d is much less in HAP compared with in LEO satellites. This is because the channel gain of HAP-ground links does not change periodically.
Summarily, HAP provides more than two times average throughputs than LEO satellite beam. The proposed multi-beam power optimization method has a significant improvement on the average throughputs and can be implemented easily based on the proposed framework. The proposed dynamic time-slot allocation strategy also has an improvement on the average throughputs because it makes full use of the predicted information and the maximum delay tolerances of different service types. To maximize the average throughputs, ε d should be set close to 1 in the proposed dynamic strategy.
VI. CONCLUSION AND FUTURE DIRECTION
In this paper, we focused on improving the network capacity of the regions beyond the coverage of terrestrial communication systems. As LEO-MSS can not provide enough capacity especially in hot-spot regions, we proposed an extended multi-layer network architecture based on multi-beam LEO-MSS by introducing HAPs and TRs to cover hot-spot regions, and analyzed the capacity improvement with different parameters. To further increase the throughputs, we proposed a multi-beam joint dynamic radio resource optimization method in LEO-ground downlinks using the predicted information according to the movement of LEO satellites based on the proposed efficient HRM framework and delay management scheme. Also, we proposed the dynamic resource optimization method of HAP-ground downlinks in hot-spot regions when LEO satellites and HAPs share the same spectrum. To solve these problems, the Lagrange dual method and Karush-Kuhn-Tucker (KKT) conditions is used to find the optimal solutions. Afterwards, corresponding gradient descent algorithms are proposed for each optimization problems to get the results. Numerical results show that the proposed architecture yields a significant improvement on capacity, especially in hot-spot regions. Moreover, the proposed optimization methods have increased the throughputs of LEO-ground downlinks and HAP-ground downlinks with an acceptable algorithm complexity.
The proposed extended multi-layer architecture and the dynamic resource optimization methods in this paper can be used in future space-air-ground communication network systems to provide better communication services for the regions beyond the coverage of terrestrial communication systems. The quick movement of LEO satellites and the propagation delay of LEO-ground links bring not only great challenges to radio resource management, but also difficulties in handover management. Thus, improved handover strategies should be introduced in future works.
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